. Since benzene is a carcinogenic substance classified into group 1 (carcinogenic to humans) by the International Agency for Research on Cancer (IARC) 2) , it is important to assess the human health risk posed by exposure to environmental or occupational benzene.
The analytical trials were performed to determine blood and urinary unchanged benzene as a specific index for low benzene exposure [3] [4] [5] [6] . But these methods require sophisticated and expensive instruments such as a gas chromatograph-mass spectrometer which can be used only in a laboratory. Moreover, benzene in biological fluids is volatilized so easily that it may cause the loss of samples during collection, transportation and preservation which is the most common cause of uncertainties 7) . Therefore, the development of simple and specific methods to perceive benzene exposure are expected.
In this study, we developed a method for on-site analysis of benzene in urine by head space-gas chromatography (HS-GC) [3] [4] [5] [6] employing a field portable GC 8) , since on-site analysis can provide rapid data without time-consuming and loss-inducing processes such as transportation and preservation.
Materials and Methods

Chemicals and experimental materials
Analytical grade benzene, methanol and anhydrous sodium sulfate (Na 2 SO 4 ) from Wako pure chemical industries Ltd.(Osaka, Japan), and a teflon-capped vial (capacity 40 ml, Supelco) and a gas-tight syringe (2.5 ml, Hamilton) were used in the experiment.
Analytical standards preparation
A methanol solution containing the 10,000 ppm (v/v) (8,765 mg/l) of benzene was prepared by diluting 1.0 ml benzene to 100 ml. This solution was maintained at 4°C, and was diluted 2,500 to 20,000 times in methanol as the daily standards (438-3,506 µg/l). Aliquots (10 µl) of the daily standards were added to 20 (or 10) ml of samples so that the final benzene concentrations were about 219 to 1,753 (or 438 to 3,506) ng/l.
Analytical procedures and instruments
The 20 (or 10) ml samples were put into vials containing 4 (or 2) g Na 2 SO 4 5) . Then the daily standards were added, and mixed well until Na 2 SO 4 was dissolved completely. After equilibration at room temperature (22 to 26°C), 1ml of the gaseous phase was injected into the GC manually.
The GC analysis for benzene was carried with a Voyager (Photovac -Perkin Elmer), a portable GC equipped with a photo-ionization detector (PID). Analytical conditions were as follows: Column: Supelcowax 10 (polyethylene glycol, 20 m × 0.53 mm I.D. × 1.0 µm film thickness), Column temperature: 50°C, Detector: PID (10.6 eV), Detector temperature: 50°C, Carrier gas: N 2 (8 psi), injection: direct injection mode.
Urine analyses
Urine from a healthy adult without occupational benzene exposure was examined to optimize the HS analytical conditions. The urine sample after collection was kept at 4°C and examined within the day.
Urinary benzene analysis by the proposed method was performed on fourteen urine samples obtained from office workers in a city suburb. Six (male 5, female 1) of them smoked 5-30 cigarettes per day, but the other 8 (male 3, female 5) were non-smokers. A twenty ml of urine sample after collection was transferred immediately into a vial containing 4 g Na 2 SO 4 and analyzed within 2.5 h. The comparison of groups according to amount of smoking was performed with Student's t-test and Mann-Whitney U-test.
Results
Chromatogram of benzene in urine and minimum limit of detection
A chromatogram of benzene in 10 ml urine from a healthy adult without occupational benzene exposure is shown in Fig. 1 . The peak at the retention time of 4.73 min, in agreement with benzene at 4.72 min was detected in the urine and estimated as the urinary concentration for 68 ng/l. From the noise of the baseline, the minimum limits of detection (signal-to-noise ratio, 3:1) were estimated to be 26 ng/l in 10 ml urine and 18 ng/l in 20 ml urine.
Gas-liquid equilibration time
Since the headspace analysis is based on the gas-liquid equilibration, optimal equilibrium conditions were investigated in the urine samples spiked with benzene at a level of 877 ng/l. The benzene concentration of the gaseous phase had already reached a steady state after 15 min, and was also stable after 150 min. The same results were observed in water.
Analytical performance
The calibration curves for benzene in water and urine in the range 219-1,753 ng/l showed good linearity with a correlation coefficient of 0.998-0.999 (n=5), and the slopes of both were almost equal (Fig. 2) . These results suggest that the standard calibration technique was applicable to the quantification. The analytical values (mean ± SD) obtained by six replicate analyses from the samples spiked with benzene at a level of 877 ng/l were 882 ± 30 ng/l for water samples, and 887 ± 40 ng/l for urine samples, respectively. Since the relative standard deviation was about 5%, the repeatability of analytical values for the samples was considered high. Table 1 are the results for fourteen samples. Urinary benzene concentrations in non-smokers and smokers ranged 19-165 (mean 78) ng/l and 75-416 (mean 190) ng/l, respectively. The results of the t-test suggested that the urinary benzene concentration in smokers was higher than in non-smokers (p<0.05).
Analysis of urinary benzene in office workers
Discussion
Benzene is a carcinogen leading to leukemia and is strictly regulated by the Occupational Exposure Limits 9) and the Environmental Quality Standards in Japan 10) . On the other hand, benzene is used widely as organic synthesis materials and is contained in petrochemicals including automobile gasoline, fuel and solvents, so that benzene contamination exists everywhere. And some 68 ng/l of benzene was detected in a healthy adult without occupational benzene exposure ( Fig. 1. a) .
people may often be exposed to air benzene exceeding the standards. Moreover, it is known that benzene exposure from tobacco smoke 11) cannot be disregarded, either. Therefore, it is important to assess the human health risk caused by exposure to benzene. The development of simple and specific biological monitoring methods which can assess trace benzene exposure are now needed.
It is well known that biological monitoring reflects the total uptake of pollutants in the body, and can early assess the human health risk. Biological monitoring of exposure to volatile organic compounds (VOCs) such as benzene has been achieved with specific urinary metabolites. In the urinalysis, subjects can easily provide samples of sufficient volume for analysis without an invasive sampling procedure. But it is pointed out that most of them do not fully reflect benzene exposure at a very low pollution level as in the general environment 12, 13) . In the last decade, many publications have shown that the urinary unchanged VOCs are well correlated with environmental exposure to VOCs 14) and could be used for biological monitoring. Nevertheless, VOCs in biological fluids can be volatilized easily and that may cause the loss of samples during collection, transportation and preservation which is the most common cause of uncertainties 7) . Sensitive analytical methods to determine blood and urinary trace benzene were developed [3] [4] [5] [6] in recent years. These methods require sophisticated and expensive analytical instruments which can be used only in a laboratory. Therefore, transportation and preservation of samples are needed before analysis. In this work, we developed a method for on-site analysis of urinary benzene. On-site analysis can provide rapid data in the field without time-consuming and loss-inducing processes such as transportation and preservation. We applied simple head space analysis with a field portable GC equipped with PID, which is known as a sensitive detector of benzene 6, 15) . In our method, the minimum limit of detection (S/N=3) was estimated to be 18 ng/l by the concentration in urine. Urinary benzene among the office workers was analyzed by the proposed method. In this examination, urinary trace benzene was successfully determined at the sub-ppb level. Therefore, it seemed that on-site biological monitoring of benzene for occupationally exposed or unexposed subjects could be performed without placing a big burden on subjects. Although some researchers have already reported a strong correlation between the benzene concentration in normal blood and urine 3, 6) , further studies on the relationship between urinary benzene and environmental benzene exposure in the general population are required to apply our method in the field. 
